INTRODUCTION
============

Hyperkalemia is a not infrequent clinical issue seen in the general population. The true incidence is unknown, but is estimated to be in the 1--10% range \[[@R1]\]. One reason for this is that there are varying definitions of hyperkalemia, with prior studies using a potassium cut-off of more than 5.5 mEq/l or as high as 6 mEq/l to define hyperkalemia. In general, hyperkalemia should be defined as a serum potassium level of more than 5 mEq/l (or mmol/l) and can be further subclassified as: mild (K^+^ 5--5.5 mEq/l), moderate (K^+^ 5.5--6 mEq/l) or severe (K^+^ ≥ 6 mEq/l) \[[@R2]\].

Hyperkalemia can be life-threatening. In a retrospective cohort study involving nearly 39 000 patients post myocardial infarction, potassium levels were found to have a nonlinear relationship where potassium levels less than 3.5 and more than 4.5 mEq/l were associated with higher rates of mortality \[[@R3],[@R4]\]. Similar findings were seen in patients with chronic kidney disease (CKD) and diabetes \[[@R5],[@R6]\].

Hyperkalemia decreases the concentration gradient across membranes which shortens the duration of the action potential. This is manifest on an ECG by prolongation of the PR segment, QRS complex and peaking of T waves. With worsening hyperkalemia, the ECG can adopt a sine-wave appearance, progressing to severe bradycardia leading to asystole. It can also interfere with the normal functioning of implantable cardiac devices possibly leading to higher pacing thresholds, inappropriate shocks due to T-wave oversensing or lack of morphology match (from a widened QRS) \[[@R7]\]. Noncardiac manifestations include paresthesias, muscle cramping, twitching and can extend to weakness and paralysis \[[@R8]\]. 
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MECHANISMS OF HYPERKALEMIA
==========================

In the setting of hyperkalemia, the accuracy of the measurement needs to be confirmed first. Pseudohyperkalemia, a falsely elevated serum potassium, can occur due to haemolysis, phlebotomy technique (even forceful fist clenching) or laboratory error \[[@R7]\]. If deemed to be accurate, then the presumptive mechanisms are increased intake or decreased excretion.

Inhibitors of the renin--angiotensin--aldosterone pathway (RAAS) are a common cause of hyperkalemia in the cardiac population. Angiotensin-converting enzyme (ACE) inhibitors and AT1 blockers (ARBs) cause hyperkalemia by inhibiting angiotensin-II-mediated aldosterone secretion by the adrenal gland. They also alter renal blood flow by causing efferent arteriolar vasodilation leading to lower glomerular filtration rates. Mineralocorticoid receptor antagonists (MRAs) directly block aldosterone secretion leading to hyperkalemia by reduced renal excretion of potassium \[[@R9]\]. A review of 39 studies found RAAS inhibitor use for hypertension was associated with a 2% or less occurrence of hyperkalemia (defined as K ≥ 5.5) with single agent RAAS blockade. However, in patients with heart failure or CKD or those on dual RAAS blockade, the incidence of hyperkalemia was in the 5--10% range \[[@R9]\].

Clinical trials in heart failure patients have reflected variable rates of hyperkalemia. Hyperkalemia (defined as \>5.5 mEq/l) in the SOLVD trial occurred in 7.8% of patients in the enalapril treatment arm \[[@R10]\]. Clinically important hyperkalemia occurred significantly less often with the use of candesartan in CHARM, at 5.2% \[[@R11]\]. However, in the RALES trial, where combination RAAS blockade with spironolactone was employed, potassium levels of more than 5.5 mEq/l occurred in 19% of patients (and 51% of patients when a potassium \>5 mEq/l was used as a cut-off) \[[@R12]\]. After the publication of RALES, a study out of Ontario showed a 4.5 fold increase in hyperkalemia hospitalizations (from 2.4 up to 11 per 1000 patients) and a resultant six-fold increase in mortality (0.3 up to two per 1000 patients) \[[@R13]\]. In PARADIGM-HF, there were similar rates of hyperkalemia (K ≥ 5.5 mEq/l) comparing enalapril with the combination drug sacubitril/valsartan at roughly 16--17%. Severe hyperkalemia (K \> 6 mEq/l), was significantly higher in the enalapril arm in comparison with sacubitril/valsartan (5.6 vs. 4.3%) \[[@R14]\]. Other studies have also shown lower rates of hyperkalemia with ARBs compared with ACE inhibitors including in the CKD population. The mechanism may be related to less inhibition of aldosterone secretion by ARBs \[[@R15]\].

A contemporary analysis of the PROTECT cohort found incident hyperkalemia (K ≥ 5.5) in patients hospitalized for acute decompensated heart failure was not associated with poor outcomes. However, hyperkalemia was associated with dose reduction of MRAs in 15% of patients but did not impact dosing of other RAAS inhibitors. Patients who required dose reduction or discontinuation of RAAS inhibition had increased mortality at 180 days with an adjusted hazard ratio (HR) of 1.97 \[[@R16]^▪▪^\].

Worsening CKD also plays a significant role in the development of hyperkalemia. Under normal conditions, the kidneys excrete 90% of all potassium. Only 10% of all potassium will reach the distal tubule where excess potassium is excreted into the urine by the principal cells in the renal collecting duct. This is done with the aid of the Na^+^/K^+^ ATPase and luminal sodium channels. This process is regulated by both sodium concentration and serum aldosterone levels at the level of the distal tubule. In heart failure, renin is secreted by the juxtaglomerular cells in response to decreased renal blood flow and perfusion pressure initiating the RAAS cascade. In healthy patients, elevated aldosterone levels lead to potassium excretion. However, in patients with heart failure, elevated aldosterone promotes sodium reabsorption, thus less sodium is delivered to the distal nephron resulting in impaired excretion of potassium \[[@R17]\].

With underlying CKD and the use of RAAS inhibitors, aldosterone resistance may also develop. CKD can also cause impaired renin release leading to a hyporeninemic hypoaldosteronism \[[@R17]\]. Lastly, type IV renal tubular acidosis, a hypoaldosterone state also results in hyperkalemia. This can be inherited, but is usually acquired and can be present in people with diabetes and with certain medications including ACE inhibitors, MRAs, NSAIDs, heparin, beta blockers, digitalis, trimethoprim and cyclosporine \[[@R18]\].

Dietary intake of potassium also needs to be considered in patients with hyperkalemia. Potassium supplements as well as sodium supplements that can often be high in potassium need to be taken into account \[[@R19]\]. Finally, other causes of hyperkalemia in the general population should be considered such as adrenal insufficiency, metabolic acidosis, and trauma \[[@R19]\].

ACUTE MANAGEMENT
================

Given the cardiotoxic effects of hyperkalemia, membrane stabilization with calcium is essential. Calcium is indicated when there is evidence of ECG changes including peaked T waves, widened QRS interval, ventricular arrhythmias or cardiac arrest. Intravenous calcium can be given in a chloride (0.5--1 g over 2--5 min) or gluconate formulation (1--3 g over 2--5 min). The effects should be seen within 5 min and calcium can be repeated at this interval if life-threatening ECG changes persist. Calcium does not lower the potassium level and needs to be combined with other therapies that act in that manner. Side effects of calcium include hypotension due to peripheral vasodilation as well as bradycardia \[[@R20]\]. To acutely lower serum potassium, agents that shift potassium intracellularly are utilized. These include insulin, salbutamol and sodium bicarbonate (Fig. [1](#F1){ref-type="fig"}).
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Insulin acts on the glucose transporter type 4 present in skeletal muscle and promotes intracellular movement of potassium via the Na^+^/K^+^ ATPase pump. It is typically dosed as a 10 unit bolus of regular insulin in addition to 1 ampule of dextrose 50 to prevent the hypoglycemic effects. Insulin has an onset of action of roughly 15 min \[[@R20]\].

Salbutamol is a beta-2 agonist that also activates the Na^+^/K^+^ ATPase transporter on both muscle and liver cells and directly promotes endogenous insulin release. A dose of 10 mg of salbutamol is as effective as 10 units of IV insulin -- both interventions drop serum potassium by ∼1 mEq/l. Salbutamol via its beta agonist properties can lead to palpitations, anxiety and headaches. Salbutamol has an onset of action of 15--30 min \[[@R20]\].

Lastly, sodium bicarbonate is often given, but recent studies suggest that its role may be limited to patients who also have metabolic acidosis or in the setting of cardiac arrest. The dose is 50 mEq as an IV push. Side effects may include hypernatremia and associated volume overload \[[@R20]\].

After stabilization, the next step is to eliminate potassium via urinary excretion or excretion in the feces. Loop diuretics work by inhibiting the Na^+^/K^+^/2Cl^−^ cotransporter in the loop of Henle and blocking sodium and potassium reabsorption (Fig. [1](#F1){ref-type="fig"}). Greater sodium delivery to the distal nephron stimulates potassium excretion. Care should be used to avoid diuretics in patients who are hypovolemic to prevent acute kidney injury which would further worsen the hyperkalemia. In rare situations, haemodialysis may be required \[[@R20]\].

The use of resins to bind potassium in the intestine is the final method by which potassium can be excreted and this will be discussed in the next section (Fig. [1](#F1){ref-type="fig"}).

CHRONIC MANAGEMENT
==================

Sodium polystyrene sulfate
--------------------------

Sodium polystyrene sulfate (SPS) is the oldest of the potassium binding resins and has been in use for the past 60 years. SPS binds to potassium ions in the intestine in exchange for sodium ions. However, the binding is nonspecific, and calcium and magnesium may also be bound. Ultimately, SPS and its bound potassium transit through the colon and are eliminated in the feces \[[@R8]\].

SPS can be administered orally (15 g 1--4 times/day) or rectally (30--50 g every 6 h) and was often combined with sorbitol in the past to alleviate its constipating effects. Potassium lowering is dose dependent and one study showed a range of potassium lowering of between 0.82 and 1.4 mEq/l with the 15--60 g doses, respectively. The 30 g dose lowered potassium by roughly 1 mEq/l. The onset of action is variable at 2--6 h \[[@R21]\].

The use of SPS is mainly limited by side effects which can include nausea, vomiting, constipation or diarrhea. A recent observational analysis of the Swedish Renal registry revealed a higher incidence of minor gastrointestinal (GI) side effects (HR 1.11) as well as severe adverse events (HR 1.25) such as ulcers and perforations in patients with Stage 4+ CKD who had been newly started on SPS \[[@R22]\]. Cases of intestinal necrosis were also reported with the combination of SPS and sorbitol which led the Food and Drug Administration to release a black box warning in 2009, as such the combination is no longer recommended; however, SPS continues to be used without sorbitol \[[@R8]\].

Aggressive treatment with SPS can lead to hypokalemia and as such, serum potassium should be monitored frequently. Abrupt cessation could also lead to rebound hyperkalemia. Lastly, SPS does provide an increased sodium load (1500 mg of sodium in 15 g) which may lead to worsening hypertension or heart failure symptoms \[[@R8],[@R23]\]. Given the affinity of SPS for other ions, its administration needs to occur in the absence of cation-containing antacids and laxatives. SPS can also reduce the absorption of levothyroxine and lithium \[[@R8]\].

Patiromer
---------

Patiromer was designed to address the limitations of the early generation binding resins. It is entirely nonabsorbable (given a bead size of 100 μm), binds more potassium than SPS and exchanges potassium for calcium and therefore, is not an issue in patients with heart failure. In the setting of CKD, colonic big potassium channels are upregulated two to eight fold. As patiromer binds potassium, a concentration gradient develops that allows further potassium secretion by the big potassium channels \[[@R24]\].

This was illustrated in AMETHYST-DN, a phase II, open label study of patients with diabetic nephropathy that examined potassium reduction over 52 weeks. There was a greater reduction at 8 weeks in potassium in those who had moderate hyperkalemia (−0.97 mEq/l) vs. those whose who had mild hyperkalemia (−0.55 mEq/l) despite receiving the same dose of patiromer. In a year of follow-up, normokalemia was maintained in 77--95% of patients despite 95% of them remaining on RAAS blockade \[[@R25]\].

PEARL-HF was a 4 week, double-blind, placebo-controlled, multicenter trial designed to evaluate the role of patiromer in heart failure patients receiving spironolactone. The study population included patients with NYHA II or III heart failure, ejection fraction (EF) ∼ 40% and roughly half had CKD. Patiromer 15 mg BID compared with placebo lowered potassium by a mean of 0.45 mEq/l. As a result, fewer patients had hyperkalemia (7.3 vs. 24.5% with placebo) and virtually all patients were able to increase their spironolactone dosing to a target dose of 50 mg. A subgroup analysis of patients with heart failure and CKD revealed rates of hyperkalemia of 38.5% in the placebo arm vs. 6.7% in the patiromer arm \[[@R26]\]. Another heart failure trial (DIAMOND) will follow patients with reduced EF on RAAS inhibitors for 12 weeks (NCT03888066).

OPAL HK, was a 12 week, phase III study in Stage III and IV CKD patients on one or more RAAS inhibitors who had hyperkalemia (K ≥ 5.5) at baseline. Patiromer dosing was based on severity of baseline hyperkalemia and adjusted to maintain a potassium between 3.8 and 5.1 mEq/l. By week 4, 76% of patients in the treatment arm had potassium values within target range and the mean potassium reduction was 1 mEq/l. Doses of between 12.8 and 21.4 mg/day were required. In the subsequent withdrawal phase, 60% of patients in the placebo arm had recurrent hyperkalemia vs. 15% in the patiromer arm. This required discontinuation of RAAS inhibitors in more than 50% of the placebo group vs. ongoing therapy in 94% of the patiromer group \[[@R27]\].

Patiromer is available in 4.2-g increments, with a recommended dose of 8.4 g once daily to start. Given its slow onset of action (∼7 h), it is not approved for the acute management of hyperkalemia. Side effects with patiromer are often related to the sorbitol in the formulation (∼4 g in an 8.4-g dose) and include nausea, flatulence, constipation and diarrhea. No intestinal necrosis has been noted with patiromer. Hypomagnesemia occurs in ∼7% of patients.

All medications should be spaced apart by 3 h from patiromer \[[@R28]\].

Sodium zirconium cyclosilicate
------------------------------

Sodium zirconium cyclosilicate (SZC), also known as ZS-9, is an insoluble compound that works throughout the GI tract by binding potassium and exchanging it for sodium and hydrogen ions. Potassium ions are trapped in the cation binding pore (which is composed of zirconium, silicon and oxygen). Given the size of the pore, it preferentially binds potassium vs. smaller or larger cations. The crystal structure entraps the potassium and prevents enteric recirculation. *In vitro*, 9.3× more potassium was bound to SZC compared with magnesium or calcium. It is also 25× more selective for potassium than the binding resins discussed earlier \[[@R29],[@R30]\].

HARMONIZE was a phase 3, randomized, double-blind, placebo-controlled study with an open label, run-in phase lasting 2 days; those patients who achieved normokalemia, progressed to the randomized phase lasting 28 days. Potassium levels rapidly corrected in 84% of patients within ∼2 h and 98% at 48 h. On average, the reduction in potassium at 48 h was 1 mEq/l. All three doses of SZC (5, 10 and 15 g) lowered potassium to the normal range compared with placebo \[[@R30]\].

Another Phase 3 study examined SZC over a 12-month period. The study design was similar with an initial correction phase where patients received 10 g TID for 1--3 days until K less than 5 mEq/l. Patients then entered a maintenance phase where 5 g daily was initiated and titrated to maintain normokalemia. In this study, 3/4 had CKD and 2/3 were on RAAS blockers at baseline. In 82% of patients, normokalemia was achieved within 24 h. The mean dose required over the maintenance phase was 7.2 g. Overall, 74% of patients maintained their RAAS blockade and 14% actually increased the dose \[[@R31]^▪▪^\]. Similar results were seen in a subgroup analysis looking at the heart failure patients in HARMONIZE \[[@R32]\].

A Phase 2, randomized, double-blind study in heart failure (NYHA II--IV) patients of SZC vs. placebo is currently underway with the intent to optimize RAAS inhibition over a 3-month period. The estimated study completion date of PRIORITIZE-HF is October 2020 (NCT03532009).

SZC is dosed 10 mg TID in the acute phase and dropped to 5--10 mg daily thereafter. Given that SZC is insoluble, is not systemically absorbed and does not expand on contact with water, its tolerability is high. GI-related side effects occurred less often than with patiromer and were comparable with placebo. Hypertension and peripheral edema (with the 15 g dose) occurred less than 1% of the time. Other adverse effects included urinary tract infections \[[@R28]\]. Given its rapid onset of action, SZC can be used for the acute treatment of hyperkalemia as well as chronic maintenance therapy \[[@R30]\]. SZC can transiently increase gastric pH and as such, medications that rely on an acidic environment (i.e. azole antifungals, antiretrovirals) should be administered 2 h apart \[[@R33]\].

CONCLUSION
==========

Hyperkalemia is a life-threatening problem that is frequently encountered in heart failure patients. SPS has been the only option for chronic management of hyperkalemia and has its limitations. In recent years, there are two new therapeutic options: patiromer and SZC. SZC also adds to the armamentarium for the treatment of acute hyperkalemia.

Both agents are now available in North America and Europe. SZC has just received a notice of compliance from Health Canada. Cost may be a barrier -- in the United States, a 30 day supply of patiromer 8.4 g is \$850. SZC 10 mg for 30 days is slightly cheaper at \$656 USD. These two agents have not been compared directly, but both have a role in managing chronic hyperkalemia and have allowed for successful continuation and even optimization of RAAS inhibitors in patients with heart failure, DM and CKD.
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